Background: Left ventricular mass (LVM) and hypertrophy (LVH) are important parameters, but their use is surrounded by controversies. We compare LVM by echocardiography and cardiac magnetic resonance (CMR), investigating reproducibility aspects and the effect of echocardiography image quality. We also compare indexing methods within and between imaging modalities for classification of LVH and cardiovascular risk. Methods: Multi-Ethnic Study of Atherosclerosis enrolled 880 participants in Baltimore city, 146 had echocardiograms and CMR on the same day. LVM was then assessed using standard techniques. Echocardiography image quality was rated (good/limited) according to the parasternal view. LVH was defined after indexing LVM to body surface area, height 1.7 , height 2.7 , or by the predicted LVM from a reference group. Participants were classified for cardiovascular risk according to Framingham score. Pearson's correlation, Bland-Altman plots, percent agreement, and kappa coefficient assessed agreement within and between modalities. Results: Left ventricular mass by echocardiography (140 AE 40 g) and by CMR were correlated (r = 0.8, P < 0.001) regardless of the echocardiography image quality. The reproducibility profile had strong correlations and agreement for both modalities. Image quality groups had similar characteristics; those with good images compared to CMR slightly superiorly. The prevalence of LVH tended to be higher with higher cardiovascular risk. The agreement for LVH between imaging modalities ranged from 77% to 98% and the kappa coefficient from 0.10 to 0.76. Conclusions: Echocardiography has a reliable performance for LVM assessment and classification of LVH, with limited influence of image quality. Echocardiography and CMR differ in the assessment of LVH, and additional differences rise from the indexing methods. (Echocardiography 2014;31:12-20) 
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Although LVMi and LVH are considered important markers for cardiovascular prognosis and therapeutic responses, the role of myocardial mass and hypertrophy in clinical practice has not been firmly established. 10 Echocardiography assessment has major limitations related to acoustic window quality, but how it affects the ability to assess LVM is unknown. Moreover, it is still unknown how concordant CMR and echocardiography are for the identification of hypertrophy. The controversies around echocardiography-derived LVM and LVH increase when different indexing methods and cutoff values are considered. 1, 10 Our study compares LVM acquired by echocardiography and CMR, investigating reproducibility aspects of both modalities. We also explore the effect of echocardiography image quality in the assessment of LVM. We compare indexing methods within and between imaging modalities for the classification of LVH and cardiovascular risk.
Methods: Study Design and Population:
The National Heart, Lung, and Blood Institute's (NHLBI) Multi-Ethnic Study of Atherosclerosis (MESA) has been described in the literature. 11 In brief, between July 2000 and August 2002, 6,814 men and women who were free of clinically apparent cardiovascular disease were recruited from 6 U.S. communities: Baltimore city and Baltimore County, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California; Northern Manhattan and the Bronx, New York; and St. Paul, Minnesota. The Baltimore city site included exclusively white and African-American participants. In the follow-up period between July 2005 and April 2007, a randomly selected subsample of participants from Baltimore city had echocardiography and CMR performed on the same day at the Johns Hopkins Hospital (Baltimore, MD). The institutional review boards at all centers approved the study, and all participants gave informed consent.
Echocardiography:
Echocardiograms were performed by an experienced sonographer using an Aplio scanner (Toshiba Medical Systems Corp, Tochigi, Japan) and were recorded onto digital media. At the same site, experienced readers analyzed the images using an offline system (Digiview 3.7.7.6, Digisonics Inc., Houston, TX, USA). As recommended by the American Society of Echocardiography (ASE), from a two-dimensional (2D) parasternal view, LVM was calculated using linear measurements of interventricular septal thickness, left ventricular (LV) internal dimensions, and LV posterior wall thickness at end-diastole (Fig. 1A) . 2 Image quality was evaluated in the 2D parasternal view and rated according to the identification of the interfaces between cardiac blood pool and endocardium, and between the epicardium and pericardium. Images were rated as limited when at least one interface was not adequately assessed and as good when all interfaces were distinguished.
Cardiac Magnetic Resonance:
The method used to assess LVM by CMR in MESA has been described in the literature. 12 Briefly, images were acquired on a 1.5 T scanner (Avanto, Siemens, Malvern, PA, USA) using a 2D steady-state free precession (SSFP) acquisition in vertical long-axis, horizontal long-axis and shortaxis orientations with the following parameters: TE 1.16 ms, TR 3.2 ms, flip angle 60°, receiver bandwidth AE1220 kHz, FOV 36 cm, slice thickness 8 mm, slice gap 2 mm, acquisition matrix 205 9 256, number of averages = 1, number of frames = 30. The endocardial and epicardial myocardial borders were contoured using a semiautomated 2D standard software (MASS 4.2, Medis, Leiden, The Netherlands). The difference between the epicardial and endocardial areas for all slices was multiplied by the slice thickness and section gap, and then multiplied by the specific gravity of the myocardium (1.05 g/ml) to determine the ventricular mass (Fig. 1B) . Papillary A B Figure 1 . Illustrative representation of left ventricular mass (LVM) assessment by A. echocardiography and B. cardiac magnetic resonance (CMR). A. Linear measurements for interventricular septum thickness, left ventricular internal dimension, and posterior wall thickness using 2D echocardiography in a parasternal view. LVM is then calculated assuming that the left ventricle has the shape of a prolate ellipsoid of revolution (below). In this participant, LVM by echocardiography was 134 g; B. CMR using the Simpson method to assess LVM from short-axis views. CMR allows assessing cardiac geometry in its 3D shape (below). In this participant, LVM by CMR was 114 g.
muscle mass was included in the LV cavity and excluded from the LVM. 13 Intra-Reader, Inter-Reader, and Inter-Scan Reproducibility: Subsets of participants were randomly selected to have their echocardiography and CMR images reread by the same reader, and by different readers. A subset of participants was also randomly selected to have a second echocardiogram performed by the same sonographer within 1 week of the primary (initial) echocardiogram and read by the same reader. Efforts were made to blind the readers to the primary results. All readers had appropriate training and experience in large cohort studies (such as MESA, EDIC, and CARDIA) using the imaging modalities they performed.
Left Ventricular Mass Indices and Hypertrophy Definition:
LVM was indexed by four methods: (1) dividing by BSA, (2) dividing by height 1.7 , (3) dividing by height 2.7 , and (4) dividing by the predicted LVM based on a healthy sample. We used height to different allometric powers in #2 (height 1.7 ) and #3 (height 2.7 ), because these methods were found to perform differently for predicting CV outcomes in a previous MESA investigation. 6 Table I summarizes the indexing methods and cutoff values for LVH according to the imaging modality.
Statistical Analysis:
Continuous variables were reported in their mean values AE standard deviation (SD) and categorical variables in its proportions. Differences between mean values were evaluated with paired t-test and Fisher's exact test to assess differences in proportions. Linear regression and Pearson's correlation coefficient (r) were used to evaluate the relationship between LVM as determined by echocardiography and by CMR, as well as to assess correlations between LVM and blood pressure in this population. Bland-Altman plots were also used to describe differences between LVM as determined by echocardiography and by CMR, reporting the mean differences and 95% limits of agreement (95% LA). Inter-and intra-reader and inter-scan reproducibility performances were also evaluated in both modalities using intra-class correlation coefficients (ICC) and Bland-Altman plots.
Participants were divided into 3 cardiovascular risk groups by their Framingham 10-year cardiovascular risk score: low risk (<10%), intermediate risk (10%-20%), and high risk (>20%).
14 ANOVA was used to assess difference of the mean unindexed LVM and LVM indices among the cardiovascular risk groups (shown as supplemental material). Fisher's exact test was used to assess differences in proportions for hypertrophy classification according to cardiovascular risk. The proportion of participants whose classification for hypertrophy (existence of hypertrophy or not) was concordant between indices was calculated, within and between imaging modalities. Cohen's kappa coefficient was also used to evaluate agreement.
Results:
A total of 880 subjects were enrolled in the site at Baltimore city; 155 were randomly selected to undergo echocardiography and CMR. From the total, 146 subjects had interpretable CMR and echocardiography on the same day and were included in the study; 100 (68%) of these had good quality echocardiography images. The mean value for LVM assessed by CMR was 128 AE 34 g and by echocardiography was 140 AE 40 g. Table II summarizes the clinical characteristics of all participants and the subsample with both interpretable echocardiography and CMR examinations.
The reproducibility profile had strong correlations and agreement for both CMR and echocardiography, with ICC ranging from 7.3 to 9.1 for inter-reader assessment by echocardiography and intra-reader assessment by CMR, respectively (Table III) . With all the investigated indexing methods and images modalities, the mean LVMi value was higher with higher cardiovascular risk category (Table S1 ) and a strong relationship was found between LVM and blood pressure (Table S2) with limited and good quality images, respectively. The overall correlation between LVM by echocardiography and CMR was consistent (Fig. 2) , regardless of echocardiography image quality scoring (r = 0.8; P < 0.001 for the overall relation, good quality images, and limited quality echocardiography images). Compared with CMR, LVM was higher when assessed by echocardiography in 10.8 g (95% LA = À33.8, 55.4) in participants with good image quality. In those with limited image quality, the difference between echocardiography and CMR was slightly higher: 12.6 g (95% LA = À39.7, 64.8).
For LVM assessment by CMR, the presence of hypertrophy ranged from 3.4% when indexed by predicted LVM to 6.8% when indexed by height 1.7 . For echocardiography-derived LVH, the range was from 3.4% when indexed by the predicted LVM to 24.0% when indexed by height 1.7 (Table IV) . The prevalence of hypertrophy did not differ significantly according to cardiovascular risk category for all 4 indexing methods in both imaging modalities.
The percent agreement for the classification of LVH according to the image modality and index method ranged from 77% to 98%. The highest value was related to CMR-derived measurements normalized by BSA compared to normalization by percent-predicted LVM. The lowest values were found for echocardiography-derived P ≤ 0.01. ‡ P < 0.05 for test of null hypothesis that kappa = 0. CMR = cardiac magnetic resonance; BSA = body surface area; Echo = echocardiography; P LVH = prevalence of left ventricular hypertrophy; % predicted = percent of the predicted LVM from a reference group of healthy subjects.
LVM/height 1.7 compared to CMR-derived normalization by BSA, by height 2.7 , or by the percent-predicted LVM. The Cohen's kappa coefficient ranged from 0.10-comparing the CMR-derived percent-predicted LVM with echocardiography LVM/height 1.7 -to 0.76 for the comparison between CMR LVM/BSA with the CMR percent-predicted LVM (Table V) .
Discussion:
Echocardiography is the most usual imaging method for assessing LVM in clinical practice, but CMR is well established as the gold standard modality. 1, 3 Our study included echocardiograms and CMR scans performed on the same day in a representative biracial sample of MESA participants to explore controversial aspects regarding the comparison between these imaging modalities for the assessment of LVM and LVH. To the best of our knowledge, our study is the first to evaluate the agreement for LVH classification within and between imaging modalities across diverse LVM indexing methods. Moreover, aspects related to echocardiography image quality were also explored when compared with CMR.
Our results confirm studies which have shown that LVM by echocardiography linear measurements is higher on average compared to CMR measurements. [15] [16] [17] [18] The PRESERVE study included echocardiography assessment of LVM to compare with CMR at baseline and after 1-year follow-up, and found a mean overestimation of myocardial mass by echocardiography of 27.6 AE 36.0 g and 37.1 AE 27.6 g, respectively. 19 In patients undergoing mitral valve replacement, the assessment by M-mode echocardiography overestimated LVM values compared to CMR (mean differences ranged from 70 to 108 g for post-and preoperative assessments, respectively), but both provided reliable information of myocardial mass regression. 16 We observed a mean difference of 11.3 g which is statistically significantly different from 0 (95% confidence interval for the mean difference: 9.4-13.2); however, this difference is likely too small to have an impact on clinical decisions. Moreover, the mean difference between LVM by echocardiography and CMR is similar in magnitude to the mean difference between readers of echocardiography or CMR (inter-reader echocardiography mean difference = 11.85; inter-reader CMR mean difference = 12.35, Table III) .
As expected, the reproducibility of measurements by the same reader was better compared to the reproducibility of measurements by different readers, for both 2D CMR and echocardiography. Compared to our results (Table V) , the literature has shown similar findings for echocardiography and CMR reproducibility. For inter-scan reproducibility, Bottini et al. repeated echocardiograms in 22 hypertensive subjects and found a mean difference (95% limits of agreement) of 0.3 g (À96.3, 96.9). The same authors also had two readers independently assessing 24 echocardiography images and 34 CMR images, finding mean differences (95% limits of agreement) of 1.83 g (À48.8, 52.5) and 0.32 g (À20.1, 21.7) for echocardiography and CMR, respectively. 15 Using 20 hypertensive male subjects, Spratt at el. investigated echocardiography inter-reader reproducibility and found mean differences (95% limits of agreement) for LVM/BSA between 4.5 g/m 2 (À24.9, 33.9) and 6.4 g/m 2 (À23.0, 35.8) for harmonic and fundamental imaging, respectively. 20 For echocardiography intra-observer reproducibility, 21 subjects were assessed by Missouris et al. showing a mean coefficient of variation (95% CI) of 6.1% (3.9, 8.3) . Using 9 normal young volunteers, the same study found CMR intra-reader reproducibility between LVM estimations of 0.5% with 95% limits of agreement of AE11%.
17
Acoustic window and poor image quality are considered major limitations for the use of echocardiography in population studies and in clinical practice, but their real impact on the assessment of LVM is unclear. In our study, the ability to identify with confidence both blood/ endocardium and epicardium/pericardium interfaces in a parasternal echocardiography window defined a good quality image. However, there is intrinsic subjectivity in this rating process, and more or less strict definitions for image quality may influence results. In our study, the echocardiography image quality did not appear to affect the correlation between LVM assessed by CMR and echocardiography.
Our study is the first using LVM assessed by echocardiography and by CMR on the same day to compare normalization by BSA, height 1.7 , height 2.7 , and as a proportion of the predicted LVM from a reference group of healthy subjects. The ASE recommends normalizing LVM by dividing it by BSA, 2 but standard recommendations are lacking for CMR. 3 Indexing to an allometrically scaled height has been suggested as a better indexing method for heart size parameters, 21 with promising results for LVM predicting clinical outcomes. 6 For 2D-CMR-derived LVM, all 4 indexing methods and cutoffs for hypertrophy classifications were previously described for the MESA population (Table I) . For echocardiographic LVM, we used cutoffs for hypertrophy that reflect real practice and current echocardiography recommendations; however, the lack of cutoffs derived from the MESA sample could influence the agreement results.
Echocardiography seems to classify a larger number of participants with LVH, particularly when LVM is indexed to BSA; however, the longterm clinical implications of these differences are unknown. Although the prevalence of LVH was not statistically significant among risk categories in our study, the prevalence of LVH tended to be higher with the higher cardiovascular risk category. We also found that the mean LVM and LVM indices are higher with higher cardiovascular risk category. In fact, LVM and LVH have been shown to have a relationship with risk factors. 22 In the Northern Manhattan Study, the prevalence of LVH based on LVM indexed to BSA was 18%, 23%, and 35% for low, intermediate, and high-risk groups, respectively. 23 The proportion of agreement and the kappa coefficient were generally better for comparisons between indices within imaging modality than between imaging modalies. The proportion agreement and kappa coefficient were each relatively similar for comparisons among indices except for comparisons with height 1.7 , where they tended to be lower. Height 1.7 was first described by Chirinos et al. as the best description of the relationship between LVM determined by echocardiography and body size in European Caucasian subjects. 6 Further investigation of this index is needed.
Conclusions:
Left ventricular mass and hypertrophy are of high relevance in clinical and research settings, 24, 25 but there are still important technical controversies. 26 Echocardiography has a reliable performance for LVM assessment and classification of LVH, with limited influence of image quality in our population. These findings support the use of LVM and LVH assessed by echocardiography in population studies and clinical practice. Compared to echocardiography, CMR seems to be appropriate for population studies aiming to find small differences in LVM or LVH using a lower number of examinations or for clinical conditions where small LVM changes over time are expected for a given patient. Echocardiography and CMR are not interchangeable techniques for the assessment of LVH and additional differences rise from the indexing methods. Direct comparisons between imaging modalities using long-term follow-up periods could clarify the clinical impact of these differences. In addition, efforts to standardize techniques and normalization methods are important to promote the use of LVM and LVH on a clinical basis.
Supporting Information
Additional Supporting Information may be found in the online version of this article: Table S1 . Left ventricular mass (LVM) and LVM indexes by imaging modality for all participants and by Framingham 10-year cardiovascular risk score category (n = 136). Table S2 . Correlations for blood pressure and LVM assessed by echocardiography and CMR (n = 136).
